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A WAVELENGTH STABILIZED DIODE-LASER ARRAY 

Inventors: Andrei Starodoumov and Murray K. Reed 

TECHNICAL FIELD OF THE INVENTION 
The present invention relates generally to cladding-pumped fiber-lasers. The 
invention relates in particular to a fiber-laser, cladding pumped by multiple diode-laser 
emitters that are wavelength locked by a common wavelength-locking device. 
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DISCUSSION OF BACKGROUND ART 
Fiber-lasers are commonly pumped by light from a diode-laser. One preferred 
fiber-laser type that is suitable for diode-laser pumping is referred to by practitioners of 
the art as a double-clad fiber-laser or a cladding pumped fiber-laser. The double clad 
15 fiber-laser has a doped core that provides optical gain when energized by the pump 
light from the diode-laser. Surrounding the doped core is an inner cladding and 
surrounding the inner cladding is an outer cladding. The diode-laser light (pump light) 
is directed into the inner cladding of the fiber-laser and propagates through the inner 
cladding while being progressively absorbed in the doped core, thereby energizing 
20 (pumping) the core. 

If a fiber-laser is required to provide a high power output, for example, greater 
than about 3.0 Watts (W), a single diode-laser emitter may not be capable of providing 
sufficient pump light power. It this case, it will be necessary to provide pump-light 
from a plurality of emitters. It is usually found convenient to provide an integrated 
25 linear array of such emitters or diode-lasers in what is termed a "diode-laser bar" by 
practitioners of the art. The emitters in the bar are preferably multimode emitters. 

A multimode emitter usually has a higher power output than single mode 
emitter of the same length and heteros tincture. The output power and the number of 
emitted lateral (spatial) modes of such an emitter usually increases as the width of the 
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emitter increases. By way of example, a multimode emitter having an emitter width of 
100 micrometers (|im) can emit as much as twenty or more times the power of a 
corresponding single mode emitter having a width of between 1 and 5 ^im. In a 
common pumping arrangement, multimode radiation from a laser emitter is coupled 
5 into a multimode optical fiber. Light from the multimode optical fiber is, in turn, 
coupled to the fiber-laser. 

Optimum absorption of pump light in a doped fiber core usually occurs in a 
relatively narrow band of wavelengths. By way of example, in a ytterbium (Yb) doped 
core, there is a strong absorption peak at a wavelength of about 977 nanometers (nm). 

10 The absorption peak has a full width at 90% maximum absorption (FWNM) of only 
about 1.0 nm. A diode-laser having a peak gain at 977 nm has a gain bandwidth of 
between about 4 and 6 nm. Accordingly, it is desirable that pump light have a 
wavelength equal to the peak absorption wavelength and have a bandwidth about equal 
to the peak absorption bandwidth. 

15 In a diode-laser bar, lasing wavelengths of individual diode-lasers or emitters 

may be spread over a range of a few nanometers. Further, the individual emitters in the 
bar will exhibit a strong, temperature-induced wavelength shift. By way of example, 
for emitters nominally lasing at a wavelength of 977 nm, the wavelength variation with 
temperature change is about 0.3 nm per degree Kelvin (0.3 nm/°K). This relatively 

20 high temperature sensitivity, combined with the range of emitting wavelengths, makes 
a multimode diode-laser bar unsuitable for pumping a fiber-laser lasers wherein pump 
light must be absorbed in a narrow band of wavelengths. To provide an efficient 
absorption of pump light in a doped fiber core having a narrow absorption peak, 
wavelength locking or wavelength stabilization of diode-laser bars and narrowing of 

25 bandwidth is required. 

Wavelength stabilization and relative insensitivity of the emitting wavelength to 
temperature change has been achieved, in a single-mode laser diode, by locking the 
lasing wavelength to the reflecting wavelength of a wavelength selective reflector 
arranged to form an external cavity or resonator for the diode-laser. The wavelength 
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selective reflector is provided by a fiber Bragg grating (FBG) formed on a length of a 
single-mode fiber. Single mode radiation from the diode-laser is launched into the core 
of the single mode fiber and is partially reflected and partially transmitted by the FBG. 
The FBG typically has a reflection coefficient between about 0.5% and 8 % at a 
5 wavelength near the peak gain wavelength of the diode-laser and has a reflection 

bandwidth of about 1 nm or less. The reflected radiation wavelength is defined by the 
optical period (hereinafter simply "period") of the FBG. The emitting wavelength of 
the laser diode is locked to the peak reflection wavelength (resonance wavelength) of 
the FBG, and the emission bandwidth less than 1 nm. The resonance wavelength of an 

10 FBG is less sensitive to temperature change than the emitting wavelength of a 

(unstabilized) diode-laser. By way of comparison, the temperature sensitivity of the 
resonance wavelength for a FBG is about 0.01 nm/°K, while temperature sensitivity of 
lasing wavelength is about 0.3 nm/°K, as discussed above. 

The FBG wavelength locking scheme is effective because the FBG is written in 

15 a single-mode fiber. In a single mode fiber, radiation is incident oh the FBG at only 
one angle of incidence such that the wavelength of radiation reflected is determined 
only by the period of the FBG. Radiation from a multimode diode-laser must be 
coupled into a multimode fiber for efficient coupling. However, in a multimode fiber 
different modes propagate at different angles to the fiber axis. Were a FBG with fixed 

20 period written into such a multimode fiber, different lasing modes coupled into the fiber 
would be incident on the FBG at different angles, and, accordingly, would be reflected 
at different wavelengths. A result of this is that the output of the multimode diode-laser 
could not be locked to a single lasing wavelength. There is a need for a wavelength 
locking and stabilization scheme that is effective for a plurality of multimode diode- 

25 lasers the output of which is coupled into a plurality of multimode fibers. 
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SUMMARY OF THE INVENTION 
The present invention is directed to a method and apparatus for stabilizing the 
lasing wavelength of a plurality of multimode diode-lasers. In one aspect, the inventive 
method comprises providing a wavelength selective reflecting device having a peak 
5 reflection wavelength within the emitting bandwidth of the diode-lasers. Light emitted 
by the plurality of diode-lasers is coupled into a single multimode optical fiber. Light 
from the multimode optical fiber is directed to the wavelength selective reflecting 
device. A portion of the light having the peak reflection wavelength is reflected from 
the wavelength selective reflecting device back along the multimode optical fiber and 
10 back into the plurality of diode-lasers, thereby locking the wavelength of the light 
emitted from each of the diode-lasers to the peak reflection wavelength. 

The wavelength selective reflective devices suitable for use with the inventive 
method include a fiber Bragg grating and a volume Bragg grating (VBG). Preferably, 
the light from the multimode fiber is collimated prior to reflecting the light from the 
15 wavelength selective reflecting device. In a preferred embodiment of the inventive 
method, the light emitted from the plurality of diode-lasers is coupled into the 
multimode fiber via a corresponding plurality of other multimode fibers bundled and 
fused together, with the fused bundle being tapered to the diameter of the single optical 
fiber. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated in and constitute a part of 
the specification, schematically illustrate a preferred embodiment of the present 
invention, and together with the general description given above and the detailed 
25 description of the preferred embodiment given below, serve to explain the principles of 
the present invention. 

FIG. 1 schematically illustrates one preferred embodiment of apparatus in 
accordance with the present invention including a plurality of multimode diode-lasers, 
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an equal plurality of multimode optical fibers bundled, fused, and tapered into a 
common multimode optical fiber, an optical fiber collimator including a fiber Bragg 
grating, and a length of doped-core optical fiber coupled to the optical fiber collimator 
by a second common multimode fiber and arranged to function as an optical fiber-laser. 

5 

FIG 2 schematically illustrates detail of the bundled and fused optical fibers in 
the apparatus of FIG. 1 . 

FIG. 3 is a cross-section view seen generally in a direction 3-3 of FIG. 1, 
10 schematically illustrating the details of a junction between the second common 
multimode optical fiber and the doped-core optical fiber of FIG. 1. 

FIG. 4 schematically illustrates another preferred embodiment of apparatus in 
accordance with the present invention including four pluralities of multimode diode- 

15 lasers, and, for each of the pluralities of diode-lasers, an equal plurality of multimode 
optical fibers, each thereof bundled fused and tapered into a corresponding one of four 
first common multimode optical fibers, each of the first common multimode optical 
fibers coupled into a corresponding one of four optical fiber collimators each thereof 
including a fiber Bragg. grating, the four collimators being coupled to a single second 

20 common multimode fiber, and a length of doped-core optical fiber coupled to the 
optical fiber collimators by the second common multimode fiber and arranged to 
provide an optical fiber-laser. 



FIG. 5 schematically illustrates yet another preferred embodiment of apparatus 
25 in accordance with the present invention including four pluralities of multimode diode- 
lasers, and, for each of the pluralities of diode-lasers, an equal plurality of multimode 
optical fibers each thereof bundled fused and tapered into a corresponding one of four 
first common multimode optical fibers, each of the first common multimode optical 
fibers coupled into a corresponding one of four optical fiber collimators each thereof 
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including a fiber Bragg grating, and a length of doped-core optical fiber coupled to the 
four optical fiber collimators by a corresponding four second common multimode 
optical fibers. 

5 FIG. 6 schematically illustrates still another preferred embodiment of apparatus 

in accordance with the present invention including a plurality of multimode diode- 
lasers, an equal plurality of multimode optical fibers bundled fused and tapered into a 
common multimode optical fiber, a collimating lens for collimating light from the 
common optical fiber, and a volume Bragg grating positioned to receive light from the 
10 collimating lens. 



DETAILED DESCRIPTION OF THE INVENTION 
Referring now to the drawings', wherein like features are designated by like 

15 reference numerals, FIG. 1, FIG. 2, and FIG. 3 schematically illustrate one embodiment 
of a cladding pumped fiber-laser 20, optically pumped by a diode-laser array 22. 
Diode-laser array 22 is wavelength stabilized by a preferred embodiment of the 
wavelength stabilizing method of the present invention. Diode-laser array 22 includes 
a plurality of individual diode-lasers or emitters 24. These may be emitters in a diode- 

20 laser bar, indicated in phantom in FIG. 1 by dotted rectangle 26, or could be individual 
diode-lasers on separate substrates. A multimode optical fiber 28 is provided for each 
emitter 24. Light (not shown) emitted from each of the emitters 24 is coupled into a 
corresponding multimode fiber 28 as illustrated in FIG. 1. As methods for coupling 
light from a diode-laser array into a corresponding array of optical fibers are well 

25 known in the art to which the present invention pertains, a detailed description of such 
coupling is not presented herein. One suitable method is described in U.S Patent No. 
5,949,932 the complete disclosure of which is hereby incorporated by reference. 

Optical fibers 28 are collected into an optical fiber multiplexing arrangement 
(multiplexer) 30. Here, individual fibers 28 are grouped and fused together, in a fused 
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region 32 (see FIG. 2) of the mutiplexer, such that there is no interstitial space between 
the optical fibers. Fused tapered region 32 is tapered to a smallest diameter about equal 
to the diameter of one of the individual fibers 28, providing a straight multimode fiber 
region 34 (see again FIG. 2) into which light from all of the fibers 28 is coupled by 
5 multiplexer 30. The multimode fiber region of multiplexer 30 is, here, extended by 
splicing a length of multimode fiber 38 onto the multiplexer as indicated by dashed line 
36 in FIG. 1 and FIG. 2. Light exiting the multiplexer is coupled into multimode fiber 
38. It should be noted, here, that a detailed description of the construction and 
operation of a multiplexer, such as multiplexer 30, is not necessary for understanding 

10 principles of the present invention. A detailed description of one such multiplexer is 
included in U.S. Patent No. 5,864,644, the complete disclosure of which is hereby 
incorporated by reference. 

Continuing with reference to FIG. 1, light coupled into multimode optical fiber 
38 propagates therealong and is coupled into a fiber optic collimator 40. At one end of 

15 collimator 40 is an adiabatically up-tapered tapered region 42. Tapered region 42 has a 
smallest diameter thereof spliced to multimode optical fiber 28 as indicated in FIG 1 by 
dashed line 48. Preferably, this narrowest diameter of tapered region 42 is about equal 
to the diameter of multimode fiber 38. Tapered region 42 tapers up in diameter from 
the smallest diameter to a largest diameter preferably between about two and five times 

20 this smallest diameter. Tapered region 42 then transitions to a straight region 44 having 
this largest diameter. 

An optimum diameter of collimator 40 can be calculated using the Bragg 
reflection condition, the required bandwidth of light AX, fiber parameters, and 
brightness theorem. By way of example, for a required bandwidth of AX = lnm at a 

25 central emitted wavelength of A,=977 nm, and for a multimode fiber 38 having core and 
cladding diameters of 400 and 440 microns, respectively, with a numerical aperture 
(NA) of 0.22, the core diameter D 2 of a straight region 44 can be calculated using the 
following equation: 
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where D x is the core diameter of fiber 38, N\ is the numerical aperture of the light in 
fiber 38, n is the refractive index of collimator 40. In one preferred example of fiber 
5 optic collimator 40, tapered region 42 has a length L between about 7.0 and 30.0 
milllimeters (mm) providing smooth adiabatic up-taper from a fiber of 440 micron 
diameter to a fiber with 1480 micron diameter. 

A FBG 46 is written into straight region 44 of collimator 40. FBG 46 has 
period selected such that the grating has a peak reflectivity for collimated light at a 

10 wavelength within the gain-bandwidth (emitting bandwidth) of emitters 24. Usually, 
such a grating would have a reflection bandwidth at half maximum reflection (FWHM) 
of less than 1 .0 nm. As light propagates along tapered region 42 of collimator 40, 
different propagating angles of different modes with respect to the longitudinal axis of 
the collimator progressively decrease until, at the largest diameter of the collimator, in 

15 straight region 44 thereof, the angles of all of the modes are sufficiently close to 

parallel to the longitudinal fiber axis that light propagating in straight region 44 can be 
considered to be collimated. Accordingly, FBG 46 has about the same peak reflectivity 
wavelength for all modes. Preferably, this peak reflectivity is between about 0.5% and 
50%. 

20 Light reflected from FBG 46 is directed back through tapered region 42 of 

collimator 40. On propagating back through tapered region 40, the propagating angles 
of the different modes increase and become characteristically different, however, all of 
these back reflected modes have the same wavelength. The back reflected light 
propagates along multimode fiber 38 back to multiplexer 30. In multiplexer 30, the 

25 back reflected light is distributed back into individual multimode fibers 28 and is fed 
back into each of emitters 24. This locks the emitting wavelength of all of the emitters 
at the peak reflection wavelength of FBG 46 and constrains the emitting bandwidth to 
about the bandwidth of FBG. 
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It should be noted, here, that while FBG 46 essentially forms an external 
(feedback) resonator for each emitter 24, it is not necessary that the optical path lengths 
from the grating to the emitters be equal, provided that this path is longer than about 0.5 
meters (m). In this case, there will be sufficient individual lasing modes in the each 
5 individual external resonator within the reflection bandwidth of FBG 46 that the 
emitting wavelength of all of the emitters 24 will be locked to about the same 
wavelength. 

Continuing now with reference to FIG. 1 and additionally to FIG. 3, optical 
fiber collimator 40 includes a second down-tapered region 50 having a diameter 

10 tapering from the diameter of straight region 44 of the collimator to a lesser diameter 
about equal to the diameter of a multimode optical fiber 52. Fiber 52 has a multimode 
core 54 surrounded by cladding 56 (see FIG. 3). Tapered region 50 of the collimator is ' 
coupled to optical fiber 52 by a splice joint indicated in FIG. 1 by dashed line 58. Light 
propagates through straight region 44 of optical fiber collimator 40 and is concentrated 

15 by tapered region 50 before being coupled into multimode optical fiber 52. Light 
propagates in core 54 of multimode fiber 52. 

A fiber-laser 60 includes a single mode fiber 62 having a doped core 64 
surrounded by inner cladding 66, which is, in turn, surrounded by outer cladding 68 
(see FIG. 3). It should be noted, here, that in FIG. 3, a longitudinal cross section view 

20 of fiber 62, traditional cross-hatching of material is omitted for clarity. Multimode 
optical fiber 52 preferably has a diameter about equal to single-mode optical fiber 62 
and is coupled thereto via a splice joint indicated in FIGS 1 and 3 by a dashed line 58. 
Light propagating in multimode optical fiber 52 is coupled into single-mode optical 
fiber 62 and propagates primarily in inner cladding 66 thereof, progressively being 

25 absorbed in doped, single-mode core 64. As a result of this, the propagating light 

provides pump-light for fiber-laser 60. FBGs 70 and 72 written into ends regions 60A 
and 60B respectively of optical fiber 62, each being selectively reflective at the lasing 
wavelength of the optical fiber define a resonator for fiber-laser 60. Laser output is 
delivered from free end 62B of optical fiber 62. 
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Although Figure 3 illustrates the more conventional arrangement where the 
doped core 64 is located in the center of the fiber, other arrangements are possible. For 
example, the doped core can be in the form of an annular with the central region of the 
fiber being undoped as described in U.S. Patent 6,288,835, the disclosure of which is 
5 incorporated herein by reference. 

FIG. 4 schematically illustrates another embodiment 80 of a cladding pumped 
fiber-laser, optically pumped by a plurality of diode-laser arrays 22, each of the arrays 
being wavelength stabilized by the wavelength stabilizing method of the present 
invention. In laser 80 there are four diode-laser arrays 22 each thereof including a 

10 plurality of emitters 24. There are four fiber optic collimators 40, one for each of the 
diode-laser arrays. Light from the plurality of emitters 24 in each array is coupled via a 
plurality of multimode fibers 28 and one of four multiplexers 30 into one of four 
multimode optical fibers 38. Light from each of the multimode fibers 38 is coupled 
into a corresponding one of the fiber optic collimators 40. Each of the fiber optic 

15 collimators 40 has a FBG 46 written into straight region 44 thereof. Light having the 
peak reflection wavelength of the FBG is reflected back into emitters 24 of the diode- 
laser array thereby locking the emitting wavelength of those emitters to the peak 
reflection wavelength of the FBG. 

In each fiber optic collimator 40, light not reflected back from the FBG 

20 propagates through straight region 44 of the collimator, is concentrated in down-tapered 
region 50 of the collimator then coupled into one of four multimode optical fibers 52. 
Light from the four multimode fibers 52 is coupled via a multiplexer 3 1 into a single 
multimode optical fiber 53. Light from multimode fiber 53 is coupled into single mode 
fiber 62 of a fiber-laser 60 for pumping the fiber-laser, as discussed above. 

25 FIG. 5 schematically illustrates one embodiment of a cladding pumped fiber 

amplifier 80 optically pumped by a plurality of diode-laser arrays 22, each one the 
arrays being wavelength stabilized by the wavelength stabilizing method of the present 
invention. In fiber amplifier 82 there are four diode-laser arrays 22 each thereof 
including a plurality of emitters 24 as described above with reference to laser 80. 
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Light from the plurality of emitters 24 in each array is coupled via a plurality of 
multimode fibers 28 and one of four multiplexers 30 into one of four multimode optical 
fibers 38. Light from each of the multimode fibers 38 is coupled into a corresponding 
one of four fiber optic collimators 40. Each of the fiber optic collimators 40 has a FBG 
5 46 written into straight region 44 thereof. Light having the peak reflection wavelength 
of the FBG is reflected back into emitters 24 of the diode-laser array, thereby locking 
the emitting wavelength of those emitters to the peak reflection wavelength of the FBG. 

In each fiber optic collimator 40, light that is not reflected back from the FBG 
propagates through straight region 44 of the collimator, is concentrated in down-tapered 

10 region 50 of the collimator, then coupled into one of four multimode optical fibers 52. 
Light from the four multimode fibers 52 is coupled into inner the cladding of a single 
multimode optical fiber 62 for energizing the doped core of the fiber-laser. Light to be 
amplified, for example, from a laser or from another amplifier, is coupled into end 62A 
of optical fiber 62. Amplified light is delivered from end 62B of optical fiber 62. The 

15 coupling, here, is effected by grouping multimode fibers 52 around single-mode fiber in 
an arrangement 33. Each of the multimode fibers 52 is tapered and fused into the 
cladding of the single-mode fiber. This mode of coupling light from multimode fibers 
52 into single-mode fiber 62, however, should not be construed as limiting. Any other 
coupling arrangement known in the art may be used without departing from the spirit 

20 and scope of the present invention. 

FIG. 6 schematically illustrates yet another embodiment 84 of a cladding 
pumped fiber-laser optically pumped by a diode-laser arrays 22 including a plurality of 
emitters 24. Laser 84 is similar to above-described laser 20 of FIG. 1 , with an 
exception that a bulk optics arrangement 86 is used for collimation and back reflection 

25 of light, in place of a fiber optic collimator and FBG. Light from the plurality of 

emitters 24 is coupled via a corresponding plurality of multimode optical fibers 28 into 
a single multimode optical fiber 38. Light is delivered from end 38E of optical fiber 38 
as a diverging bundle of rays designated in FIG. 6 by rays 88D. Ray 88D are received 
by a positive lens 90 and collimated as indicated by parallel rays 88P. Parallel rays 88 
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traverse a volume Bragg grating (VBG) 92. VBG 92 has a period selected such that the 
grating has a peak reflectivity for collimated light at a wavelength within the gain- 
bandwidth (emitting bandwidth) of emitters 24. The peak reflectivity is preferably 
between about 0.5% and 50% as discussed above for FBG 46. 
5 Light reflected from VBG 92 is coupled back into multimode optical fiber 38 by 

lens 90 and propagates back along multimode fiber 38 to multiplexer 30. In 
multiplexer 30 the back reflected light is distributed back into individual multimode 
fibers 28 and is fed back into each of emitters 24. This locks the emitting wavelength 
of all of the emitters at the peak reflection wavelength of FBG 46. Light that is not 

10 reflected by VBG 92 is collected by a lens 90 and coupled into multimode optical fiber 
52 as indicated by converging rays 86C. Light is then coupled from optical fiber 52 
into fiber-laser 60 as described above with reference to laser 20 of FIG. 1. 

It should be noted here that, in theory at least, VBG 92 could be replaced by a 
vacuum-deposited multilayer reflector having a comparable reflection bandwidth, for 

1 5 example, a bandwidth of about 0. 1 % of the nominal wavelength of light to be reflected. 
Fabricating such a reflector, however, would require deposition of hundreds of layers 
even for the relatively low reflectivity required. Further, thickness and refractive index 
of the layers would need to be extremely precisely controlled, for example, to within 
about 0. 1%, to limit the occurrence of unwanted sideband reflections. It is believed 

20 that depositing such a reflector is not practical within the scope of present vacuum 
technology. 

The present invention is discussed above in terms of a preferred and other 
embodiments. The invention is not limited, however, to the embodiments described 
and depicted. Rather the invention is limited only by the claims appended hereto. 

25 
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